In an effort to understand the ferromagnetic behaviour of Cu 2 O-based diluted magnetic semiconductors, the electronic structures of Mn-doped Cu 2 O sintered samples have been investigated using both experimental and theoretical approaches. Mn L 2,3 x-ray emission measurements and first-principle calculations reveal that Mn-doped Cu 2 O sintered at 650 and 800
The theoretical prediction of high-temperature ferromagnetism in magnetically doped p-type semiconductors has stimulated experimental efforts to develop a reliable methodology to synthesize diluted magnetic semiconductors (DMSs) for their practical applications to spintronics technology [1] . Among the candidates for DMS materials, cuprous oxide (Cu 2 O) has shown considerable promise as a host semiconductor because it is one of only a few binary p-type semiconductors with a direct wide bandgap of 2.0 eV [2] . The high Curie temperature (T C ) of Cu 2 O-based DMS systems was initially demonstrated in Al and Co codoped Cu 2 O films epitaxially grown by pulsed laser deposition [3] and later in Mn-doped Cu 2 O polycrystalline bulks and epitaxial thin films prepared by electro-deposition and magnetron sputtering [4, 5] . On the other hand, a low T C of 48 K was also reported in Cu 1.9 Mn 0.1 O films grown by pulsed laser deposition [6] . Although the latter case was revealed to be associated with the formation of secondary Mn 3 O 4 phase, the inconsistent experimental results have made the origin of high T C ferromagnetism in Cu 2 Obased DMSs unclear. In particular, ferromagnetic behaviour of the Mn-doped Cu 2 O system above room temperature (RT) is unique because the exchange interaction of any pairs between substitutional Mn dopants is antiferromagnetic and there are no known ferromagnetic phases with T C above 50 K for any combinations of Mn, Cu, and O [7] . Hence, there is a growing interest in the effect of magnetic defects (antisites and/or interstitials) on ferromagnetism in Cu 2 O-based DMSs. In the present paper, the electronic structure of Mn-doped Cu 2 O bulk samples showing RT ferromagnetism is investigated using soft x-ray emission spectroscopy (XES) and a theoretical approach based on a linear muffin-tin orbital method with the atomic sphere approximation (LMTO-ASA).
The Mn-doped Cu 2 O samples were prepared by milling a mixture of Cu 2 O and Mn 2 O 3 powders in an ethanol medium. The mixed powder was then pressed into Cu 2−x Mn x O bulk pellets (5 mm in diameter) and sintered in flowing Ar with a flow rate of 20 cm 3 min −1 for 24 h in alumina crucibles. The sintering temperature was set at 650 and 800
• C. The intended nominal Mn composition in Cu 2 O was 1.7 at.% (equivalent to x = 0.034), but the energy dispersive x-ray analysis of the samples indicated a less than 1 at.% of Mn doping level [2] . The magnetic properties of samples were measured using a vibrating sample magnetometer. According to magnetization versus magnetic field curves taken at various temperatures (10 K T 300 K), the sample sintered at 650
• C is found to be ferromagnetic up to RT while T C decreases to 215 K by elevating the sintering temperature to 800
• C. The x-ray diffraction patterns of both samples clearly show typical cubic structure behaviour without any indication of a ferromagnetic secondary phase. Detailed information about the magnetic and structural properties of prepared samples is described in [2] .
X-ray fluorescence measurements were carried out at Beamline 8.0.1 of the Advanced Light Source at Lawrence Berkeley National Laboratory. Both nonresonant and L 2 -resonant Mn L 2,3 XES spectra were obtained at RT. In the case of resonant XES measurements, the spectra were taken at the L 2 absorption threshold with an excitation energy (E exc ) of 651.8 eV while nonresonant spectra were recorded at E exc well above the absorption threshold (660 eV). For comparison, we also measured resonant and nonresonant XES spectra for metallic Mn and MnO reference samples. All measured spectra were normalized to the number of incident photons falling on the sample, which is monitored by a highly transparent gold mesh. Figure 1 Nonresonant and resonant Mn L 2,3 XES spectra for Mndoped Cu 2 O samples prepared at 650 and 800
• C are presented in figure 2. The L 3 emission line (at around 638 eV) and the L 2 line (648 eV) correspond to x-ray transitions from (occupied) 3d4s valence states to 2p 3/2 and 2p 1/2 core holes, respectively. Higher Mn L 2 emission lines in resonant XES spectra than those in nonresonant spectra are caused by different photo-absorption coefficients (µ) depending on the excitation energy. In the case of an excitation energy well above the L 2 absorption threshold (nonresonant regime), the ratio of total photo-absorption coefficient at L 2 and L 3 thresholds (µ 2 /µ 3 ) has a constant value while the µ 2 /µ 3 becomes maximal for L 2 -resonant excitation [9] . On the other hand, one can see that the relative intensity ratio of Mn L 2 to L 3 emission lines [I (L 2 )/I (L 3 )] of the 800
• C sample is higher than that of the 650
• C sample and the difference is more prominent in the resonant XES spectra. The change in the I (L 2 )/I (L 3 ) intensity ratio is related to the appearance of interstitial magnetic defects according to our previous studies on Co-doped TiO 2 and Mn-doped ZnO [9, 10] . In solid-state systems, the
Coster-Kronig (CK) transitions, which correspond to radiationless electron transitions from the L 3 to the L 2 level occurring before the normal x-ray emission process. Thus, the CK transitions generally populate the L 2 core holes of the system and result in the suppression of L 2 emission. The probability of this CK process is strongly enhanced in metals containing free 3d carriers with respect to an insulating oxide because the CK transition energy is released via the emission of 3d Auger electrons [11] . This tendency is clearly illustrated by comparing the XES spectra of metallic Mn to insulating MnO as shown in figure 3 . The I (L 2 )/I (L 3 ) intensity ratio is significantly reduced for metallic Mn due to the radiationless CK transitions and the L 2 -resonant XES spectra show more significant reductions of the intensity ratio. Therefore, a lower I (L 2 )/I (L 3 ) ratio of the 650
• C sample than that of the 800
• C sample suggests a higher level of Mn interstitials in the 650
• C sample, contributing to direct MnMn interactions. As mentioned above, elevating the sintering temperature reduces the T C of Mn-doped Cu 2 O from above RT (for the 650
• C sample) to 215 K (for the 800 • C sample). If ferromagnetic behaviour of the Mn-doped Cu 2 O samples stems only from the substitutional Mn dopants occupying Cu sites, the 650
• C sample must show a higher I (L 2 )/I (L 3 ) intensity ratio than the 800
• C sample. Therefore, the spectroscopic result is direct evidence that ferromagnetism in the Mn-doped Cu 2 O requires the involvement of Mn interstitials. In order to understand the relation between magnetic properties of the samples and the presence of Mn interstitials, we have performed theoretical calculations for several Mn configurations in the Cu 2 O lattice. We considered the following types of defect configurations (see figure 4) : (a) single substitutional Mn atom, Mn(S) for a Cu site (S configuration, not shown), (b) a pair of Mn(S) atoms connected by superexchange via an oxygen atom (S + S configuration in figure 4(a) ), (c) two Mn(S) and one interstitial Mn atom, Mn(I ) without superexchange (2S + I type 1 in figure 4(b) ), (d) same configuration as (c), but with consideration of superexchange (2S + I type 2 in figure 4(c) ), (e) four Mn(S) and one Mn(I ) (4S + I in figure 4(d) ). For all these configurations, the electronic structure and exchange interactions are calculated using a LMTO-ASA method realized in the Stuttgart TB47 code [12] . Since all Mn-defect configurations considered here are not equally probable in our samples, the calculation of defect-formation energy is also carried out using the pseudo-potential SIESTA method by taking into account optimization of atomic positions [9, 13] . The calculated defectconfiguration energies and magnetic properties are presented in table 1. The results show that the values of defect-formation energy have 1.3, 2.7, 3.0, and 3.9 eV for S, 2S, 2S + I type 1, and 2S + I type 2 configurations, respectively. In the case of the 4S + I configuration, the formation energy (8.4 eV) is more than twice as high as the 2S + I configuration. This indicates that the formation of large 4S + I defects is highly elusive in our samples. Figure 5 shows the calculated Mn 3d density of states (DOS) for Mn metal, MnO, and various Mn-defect configurations. Both S and S + S configurations of Mn dopants in Cu 2 O have well-separated valence and conduction bands, and exhibit fairly similar spectral features to that of MnO. However, as given in table 1, the exchange interaction (J ) between Mn(S) atoms is antiferromagnetic (AFM) with a superexchange of about 4 meV and the magnetic moment From the obtained exchange values, we calculated the T C for each defect configuration using a standard formula for the Ising model:
where N is the number of exchange pairs, s is the Mn spins, J is the exchange interaction, and k B is the Boltzmann constant. In order to take into account long-range magnetic interactions (i.e. an interaction between configured defects), we calculated the T C values by building a supercell containing two equivalent combinations of each defect configuration and also examined the difference in total energies between ferromagnetically and antiferromagnetically oriented combinations. The obtained T C values are 408 K for a 2S + I type 1 and 218 K for 2S + I type 2. In addition, a ferromagnetically oriented combination is found to be more stable (8 meV lower total energy) than an antiferromagnetically oriented one for both 2S + I type 1 and type 2 defects. The similar change in T C between 2S + I type 1 and type 2 defects to those between Mn-doped Cu 2 O samples sintered at different temperatures suggests that at a sintering temperature of 650 • C, the 2S + I type 1 defects are the most likely ones to be formed and elevating the sintering temperature to 800
• C populates the 2S + I type 2 defects. This is also supported by lower defect-formation energy of type 1 than of type 2 defects.
In addition, different I (L 2 )/I (L 3 ) intensity ratios of resonant XES spectra relevant to CK transitions can be explained by considering free d carriers in the samples. Although the presence of Mn(I ) atoms in both the 650 and 800
• C samples along with Mn(S) atoms is expected to increase the number of carriers (i.e. enhance the CK transitions), sintering at 800
• C promotes the formation of the 2S + I type 2 defect. This results in the suppression of CK transitions and thus the enhancement of the I (L 2 )/I (L 3 ) intensity ratio because the part of 3d carriers in the 2S + I type 2 defect should be involved in the Mn(S)-Mn(S) superexchange interaction via oxygen atoms. The reduced carriers in the 800
• C sample are well in accordance with resistivity measurements at RT. The 650
• C sample shows a resistivity of 1.38 m, which is much lower than that of the 800
• C sample (6.47 m).
In conclusion, we have investigated the electronic structure of Mn-doped Cu 2 O bulk samples using soft xray emission spectroscopy and calculations based on a linear muffin-tin orbital method with the atomic sphere approximation. It has been shown that as well as substitutional Mn atoms, interstitial Mn atoms are present in ferromagnetic Mn-doped Cu 2 O samples. These defects are responsible for a strong exchange interaction. A reduction in T C with sintering temperature can be explained by the appearance of antiferromagnetic superexchange between substitutional Mn atoms via oxygen, which requires a higher defect-formation energy. This is accompanied by a decrease of magnetic moments, an increase of the I (L 2 )/I (L 3 ) intensity ratio in the Mn L 2,3 XES spectra, and a decrease in the number of carriers.
